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INTRODUCTION
Perpendicular magnetic anisotropy (PMA) in ferromagnetic films where the easy axis of magnetization is oriented out-of-plane, is of great interest for realizing perpendicular magnetic tunnel junctions. Such junctions are used in devices with high processing speed and high-density non-volatile memory. [1] [2] [3] In addition, the implementation of perpendicularly magnetized thin films in semiconductor-based spintronic devices, for example, in a spin-light emitting diode (spin-LED) has been recently demonstrated as a potential approach to achieve an efficient transfer of spin-polarized current into semiconducting channels. 4, 5 However, those devices suffer from the requirement of a large applied magnetic field to turn the magnetic moment out of the sample surface.
Ferromagnetic films with PMA are not commonly observed due to the long-range dipolar interactions or the shape effect. The well-known PMA materials are magnetic alloys containing rare-earth, noble or transition metals. For instance, granular films as well as amorphous films based on CoPt, FePt, CoCr, TbFe exhibit a pronounced PMA. [6] [7] [8] [9] Nevertheless, potential applications of such materials are limited because of their low crystalline quality. Another widespread PMA material class is metallic stacking layers that are also based on transition, noble metals and rare-earth magnets. 10, 11 The PMA of these structures has an interfacial origin for which the orbital hybridization and/or the intermixing at the interface promotes the perpendicular spin coupling. 12, 13 Since metallic layers should be thin enough for triggering the PMA, the fabrication process of such multilayers and the related devices would be more complicated than a simple layer.
In the last decade, the growth and characterization of full Heusler alloy (FHA) films have been intensely investigated because many of them have been theoretically predicted to have a fully spin-polarized conduction band. [14] [15] [16] [17] The intrinsic magnetic anisotropy of the well-known FHA films has been found to be dominated by the in-plane anisotropy. [16] [17] [18] Very recently, the interface-induced PMA was discovered in a Co-based FHA (Co 2 FeAl) in contact with a MgO oxide layer. 19, 20 The proposed explanation for the PMA is similar to that of CoFeB or Fe/MgO systems for which interfacial anisotropy induced by hybridization of Fe-, Co-3d and O-2p orbitals causes the a Electronic email: dau@pdi-berlin.de PMA. 3, 21 For a hybrid structure based on a very thin FHA film (on the order of a few angstroms) coupled with a MgO barrier, a question is whether chemical interactions will alter the electronic band structure of the FHA, (i. e, its spin polarization). Furthermore, film oxidation arising from excess oxygen makes the control of such an interface relatively difficult. Therefore, it is desired to acquire a PMA FHA film with easy-to-adjust thickness in order to maintain its intrinsic high spin polarization and perpendicular magnetization properties. In this study, we report on the observation of PMA in FHA Co 2 TiSi/GaAs hybrid structures for thicknesses up to 13.5 nm, which is one order of magnitude higher than that previously reported for of PMA ultra-thin films. 3, 19, 21 For higher thicknesses, the in-plane magnetic anisotropy dominates and the easy axis of magnetization is thus found to be in-plane.
EXPERIMENTAL
All the Co 2 TiSi films were grown on semi-insulating (001)-oriented GaAs substrates. A 400-nm-thick GaAs buffer layer was grown in a III-V semiconductor growth chamber to ensure a single-crystal surface free of contaminants and defects. The Co 2 TiSi films were subsequently synthesized in an As-free chamber for metal growth after a transfer under ultra-high vacuum. The films were grown at 360
• C, which is within the optimum range of the growth temperature as previously reported. 22 Accordingly, the film grown at 360
• C crystallizes predominantly in B2 order, the Curie temperature is around room-temperature (RT) with an average magnetic saturation of 0.8 µ B . A detailed description of the film properties as well as the film stoichiometry determination can be found in Ref. 22 . For this study, in-situ reflection high energy electrons diffraction (RHEED) was used for monitoring the film surface during the growth (not shown here). The in-plane epitaxial relationship with respect to the cubic symmetry of the GaAs surface was found to be unchanged for all the films ([110]Co 2 TiSi // [110]GaAs). For film thicknesses below 15.0 nm, streaky RHEED patterns are observed. The surfaces are also reconstructed with the occurrence of one-half streaks along the [100] azimuth. These reconstructed streaks, corresponding to the (2x1) Co 2 TiSi surface, persist throughout the deposition. As the thickness is increased, the RHEED patterns become spottier and a strong diffused background is observed. This clearly indicates a degradation of the thick-film surfaces. The cross-sectional interface film/substrate was characterized by high resolution transmission electron microscopy (HRTEM) using a JEOL 3010 system operating at an accelerated voltage of 200 kV. Magnetic measurements were carried out with a Quantum Design superconducting quantum interference device (SQUID).
RESULTS AND DISCUSSION
The thickness dependence of the in-plane and perpendicular magnetic anisotropy of the Co 2 TiSi films is presented in Fig. 1 . The hysteresis loops were recorded at 10 K and 100 K. They are normalized to the saturation magnetization M S and shown together for comparison. The hysteresis curves measured along different in-plane crystallographic axes reveal a very weak anisotropy. Hence, only the data measured along the [110] direction are shown, to exemplify the in-plane magnetic measurements. A transition from out-of-plane to in-plane magnetization of the easy axis can be clearly observed with increasing thickness for both temperatures. However, the perpendicular anisotropy is less pronounced at 100 K. Because the Curie temperature of the Co 2 TiSi films is low, the thermal effect strongly disturbs the magnetic stability of the films. Therefore, in this work, we mostly focus on the perpendicular magnetic anisotropy measured at 10 K. A detailed analysis of the hysteresis loops for a number of films is summarized in Fig. 2 . Based on Fig. 1 and Fig. 2 , one can clearly distinguish two different regions of magnetic anisotropy with respect to the film thickness. First, for the region with thicknesses smaller than 13.5 nm (PA region) the films exhibit a pronounced PMA. In a narrow thickness range of about 13.5 to 15.0 nm, the magnetic anisotropy is found to be almost identical irrespective of the magnetic field directions. Second, for films thicker than 15.0 nm, the easy axis of magnetization is oriented along the in-plane direction (IA region). The thickness dependence of the squareness of the M-H curves, defined as a ratio of remanence to saturation magnetization M r /M s , is shown in Fig. 2(a) . Excluding the thicknesses of 5.0 nm and 7.2 nm, the out-of-plane (H⊥) and in-plane (H//) data show two opposite trends, mutually indicating the permutation of the magnetic easy axis. Indeed, the out-of-plane curve exhibits a monotonous decrease of the squareness, while it increases for the in-plane curve with increasing thickness. Further inspection of the region where the thickness is between 9.0 nm and 13.5 nm (PA region) reveals that the out-of-plane squareness decreases rapidly (slope s = 0.11 nm −1 ), whereas the in-plane squareness shows a slight increase (s = 0.01 nm −1 ). This describes how fast perpendicular magnetic domains disappear under the film thickness effect. On the other hand, a similar evolution of the squareness is found for the IA region. Here, a fast increase of the in-plane squareness and a slight decrease of the out-of-plane squareness are observed. The coercive fields H C extracted from the out-of-plane and in-plane hysteresis loops are shown in Fig. 2(b) . For the out-of-plane data (H⊥), H C sharply decreases from 260 Oe to 83 Oe when the thickness increases from 7.2 nm to 13.5 nm (PA region). However, H C increases slightly for the thicker films (IA region). Regarding the in-plane data (H//), an inverse tendency is observed: a slight change of H C in the PA region and a notable increase of H C above 15.0 nm in the IA region with increasing thickness. Such a behavior of H C is similar to that observed in the magnetic switching process of partially ordered FePt thin films. 23 The pinning of perpendicularly magnetic domain walls and/or a limited nucleation of the magnetic domain walls are possible explanations for the thickness dependence of H C . 23 Note that we found a distinct decrease of the squareness and H C in the PA region for the thinnest films (5-, 7-nm-thick films). This may be associated with interfacial states where precipitates or intermixing products have a significant contribution to the magnetic properties. The interfacial state, which will be discussed in the following section, may also affect the saturation magnetizations of the thinnest films ( Fig. 2(c) ) since they are remarkably low and anisotropic for the in-plane and out-of-plane measurements. However, the interfacial contribution to the saturation magnetization becomes negligible when the thickness is above 15.0 nm. The resulting data have clearly shown that Co 2 TiSi films with perpendicular magnetization can be obtained for thicknesses as large as 13.5 nm. This value is one order of magnitude larger than that of other films with an interface-induced PMA, such as CoFeB, Co 2 FeAl and Fe. 3, 19, 21 For these films, a tremendous reduction in thickness was required in order to alleviate the magnetocrystalline anisotropy with respect to the interface anisotropy. Nevertheless, the origin of PMA in the Co 2 TiSi/GaAs system must be different nature because of the large thickness range. In fact, interfacial anisotropy induced by sp-d hybridization between localized moments of Co and of Ga and As atoms can be ruled out, because the interfacial hybridization is not a long-range effect and would concern only a thickness of above a dozen of Å, much less than the thickness range of our Co 2 TiSi films. 3, 19, 21 Another source of interfacial anisotropy possibly comes from the presence of interface precipitates due to intermixing, diffusion or interface reactions. In order to clarify this point, cross-sectional TEM studies were systematically performed. Figure 3(a) depicts the interface structure of a 36-nm-thick Co 2 TiSi film and the GaAs substrate, showing regions where the reactions occur at the interface. These regions in cross-section (hereafter called interface clusters) are mostly oval-shaped with bimodal size distribution: about 20 nm and 40 nm in length, 10 nm in depth. This size distribution is comparable with that of clusters detected at the Co 2 FeSi/GaAs interface in the low temperature growth regime. 24 A detailed analysis of a fast Fourier transform on the clusters (not shown) reveals that they exhibit a diamond cubic symmetry, i. e. a counterpart of the zincblende GaAs lattice, with a similar interplanar spacing. For the growth temperature of 
360
• C, it is known that metallic elements from the Co 2 TiSi films may chemically react with the GaAs substrates giving rise to interfacial products. Co-based or Ti-based phases such as Co 2 GaAs, CoAs, TiAs, Ti 1−x Ga x might be formed in this condition. 24, 26 However, these have either an orthorhombic or hexagonal structure with a different lattice constant from that of GaAs. 25, 26 We note that the x-ray diffraction scans did not show any additional peaks besides those of Co 2 TiSi and GaAs. Therefore, these findings strongly suggest that interface clusters originate from the in-diffusion of the Co 2 TiSi film into the substrate rather than from chemical reactions. An inspection by electron energy loss spectroscopy (EELS) (not shown) also evidenced the incorporation of Co and Ti in these clusters, resulting in dilute Co and Ti clusters. The selected area electron diffraction (SAED) pattern of the film in the vicinity of the interface area, and the simulated pattern, are shown in the Fig.  3(b) and 3(c) , respectively. The diffraction peaks of the SAED pattern are identical to those of the simulated pattern, confirming the typical cubic lattice of Co 2 TiSi with long-range crystallinity and order. Apart from the clusters and the film quality in the interface area, we observe polycrystalline and amorphous regions which are mostly located in the upper part of the film (about 20 nm from the interface). This is actually consistent with the degradation of the RHEED patterns with increasing film thickness. We emphasize that the interesting information obtained from the TEM investigation is the presence of clusters at the interface which can be apparently expected for the whole range of thickness studied.
An obvious question is how the clusters affect the magnetic properties of the films. Indeed, these clusters, which contain magnetic Co ions, may be considered as diluted magnetic clusters. 27 Clearly, they possess their own magnetic moments which should have a significant impact on the squareness, the H C and the saturation magnetization of the films for a film thickness less than 15.0 nm as mentioned above. In addition, because of their inherent magnetic anisotropy, they could promote the PMA of these films. Figure 4 shows zero-field cooled -field cooled (ZFC-FC) curves of the 9-nm-thick film (a PMA film) with an external magnetic field of 50 Oe applied parallel and perpendicular to the sample surface. The superparamagnetic state of the clusters is found only for the perpendicular configuration with a blocking temperature T B ∼ 28 K estimated from the peak of the ZFC curve. This evidences that the clusters indeed exhibit a magnetic anisotropy with a preferentially perpendicular orientation below 28 K. Yet, the clusters will have a paramagnetic state and their magnetic anisotropy can be discarded in case that one carries out the measurements at temperatures higher than T B . Indeed, as previously shown in Fig. 1 , the perpendicular anisotropy is still preserved at 100 K for the films with thicknesses lower than 15 nm. In addition, the M-H loops measured at 300 K (inset of fig. 4) show that a distinct hysteresis behavior around zero-applied field is observed only for the perpendicular data, indicating the persistence of the perpendicular component at room temperature. Note that the raw data is presented because the subtraction of the diamagnetic signals from the GaAs substrate and any magnetic impurities associated with the substrate is very critical and somehow meaningless at 300 K, especially for the in-plane data. This is due to a significant reduction of the ferromagnetic moment (thermal fluctuation, matter inter-diffusion) and the low signal-to-noise ratio. These findings suggest that the PMA of the Co 2 TiSi/GaAs hybrid structure can be ascribed to the magnetic anisotropy of the Co 2 TiSi films. The total PMA of samples obtained for temperatures below T B results from both the perpendicular anisotropy of the clusters and that of the Co 2 TiSi films. The intriguing origin of the PMA in the Co 2 TiSi films is so far not clear. Figure 5 depicts the XRD scans of the (004) reflection with different film thicknesses. It can be seen that there is no peak shift with varying film thickness, indicating that perpendicular lattice constant a ⊥ = 5.773 Å remains unchanged. In an expitaxial heterostructure where misfit is small and both substrate and film are cubic, strain in the film, if it exists, would induce a tetragonal distortion which is characterized by the a ⊥ /a // ratio (a // is in-plane lattice constant). However, assuming that such a tetragonal distortion take places in our films, the a ⊥ /a // ratio is apparently constant when the film thickness varies. This indicates that the strain or magneto-elastic anisotropy would not be associated with the PMA of the Co 2 TiSi films. Furthermore, the interfacial anisotropy induced by the hybridization nature of the bonding can be ruled out due to the large film thicknesses. Also, the contribution of the surface roughness to the PMA is practically negligible due the very low value of the surface roughness (a few Å) obtained by AFM, compared to that of the film thickness. Regarding the magnetic structure, one may speculate that the films are composed of magnetic domains, which could mainly possess perpendicular magnetization. For such domains, sub-lattice interactions within the Co 2 TiSi would merely depend on the Co atoms. Indeed, contrary to other Heusler Co 2 XY films (X = Fe, Mn, Cr; Y = Si) where the magnetic moment of the lattice is both carried by the Co and X atoms, the Co 2 TiSi lattice moment is mainly carried by the Co atoms. 28 Therefore, such short-range interactions between localized Co magnetic moments would be stronger in an ordered structure and would promote a dominance of the perpendicular anisotropy. 29 In addition, despite the long-range crystallinity of the films observed from the TEM images, we cannot ignore the role of crystal defects in the films (point defects, boundary grains, etc. . . ), which may act as pinning centers in the interactions between the magnetic domain walls, strengthening the perpendicular anisotropy in the films. When the film thickness increases, the perpendicular-to-parallel transition of the easy axis could be due to the dominance of the shape anisotropy, which tends to align the dipolar interactions, i. e., the magnetization parallel to the plane of the films. Note that a degradation of the film structure and a slight increase of the roughness (from 5.4 Å to 8.8 Å) due to the increase of the film thickness could also affect the strength of the shape anisotropy with respect to other sources of anisotropy.
CONCLUSION
To summarize, a thickness-dependent magnetic anisotropy study has revealed a perpendicular magnetization for Co 2 TiSi/GaAs(001) hybrid structures with film thicknesses as large as 13.5 nm. We have shown that the interface clusters, which originate from the inter-diffusion, are one possible source of the interfacial anisotropy. The clusters directly affect the perpendicular magnetic anisotropy of the hybrid structure, in particular below the blocking temperature T B (28 K) of the clusters. However, as the perpendicular component persists up to room temperature, well above T B , the anisotropy contribution from the clusters can be separated and we can attribute the perpendicular anisotropy to the magnetic properties of the Co 2 TiSi films. These results open up promising perspectives of the Co 2 TiSi/GaAs hybrid structures not only for spin transport in semiconductor devices at remanence, but also for oxide-based magnetic tunnel junctions with perpendicularly magnetized electrodes.
